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Abstract
Prolonged exposure of 3T3 cells to 0.5 osM hypertonic medium induced the accumulation of hsp70 mRNAs. This increase in mRNA
levels required active protein synthesis. A weak and transient activation of heat shock factor 1 (HSF1) was noted, but it was temporally
uncoupled to the accumulation of the hsp70 mRNAs. Nuclear run-on assay and transfection experiments showed that hsp70 gene
transcription was not affected by hypertonicity. ActD chase experiments showed that during hypertonic treatment, degradation of hsp70
mRNAs was markedly reduced. This effect did not appear to be a general phenomenon since the increase in mRNA level of another gene
induced by hypertonicity (ATA2 transporter) was scarcely due to RNA stabilization. These findings suggest that hypertonic treatment
increases the production of hsp70 protein in 3T3 cells via a stabilization of its corresponding mRNA.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The expression of heat shock proteins can be induced by
hyperthermia and by other environmental stresses including
hypertonicity. A starting point in the induction of hsp gene
expression is the activation of the heat shock transcription
factor (HSF1). When cells were briefly and transiently
exposed to a hypertonic medium (hypertonic shock), acti-
vation of the HSF1 was rapid and dose dependent in relation
to the osmotic strength of the medium [1–3]. The magni-
tude of HSF1 activation by a severe hypertonic shock (0.5 h
at 0.7 osM) was comparable in intensity and time-course to
that induced by a severe heat shock (0.5 h at 44 jC), and
was similarly protein synthesis independent. However,
unlike the heat shock response, the activation of HSF1 by
a severe hypertonic shock was not followed by increased
transcription of hsp70 gene [1] or by hsp70 mRNA accu-
mulation [2]. In contrast to the hypertonic shock, the hyper-
tonic treatment, that is, a prolonged exposure of cells to a
moderately hypertonic (0.5 osM) medium, induced accu-
mulation of the hsp70 mRNA and protein after a few hours
[4–7]. However, the mechanism of the enhanced expression
of the hsp70 gene during the hypertonic treatment, which
has been observed in several types of cells, is not com-
pletely understood. No indication of coupling between HSF
activation or hsp70 gene transcription with induced hsp70
mRNA level has yet been reported [4,5,8,9]. Therefore, a
causal role for HSF activation in hypertonicity-induced up-
regulation of hsp70 gene expression is, at present, regarded
as uncertain [10]. Taking into account that a definite basal
level of hsp70 mRNA is present in untreated cells [4], it has
been suggested that during hypertonic treatment, post-tran-
scriptional stabilization could contribute to the reported
hsp70 mRNA accumulation without evoking HSF1 activa-
tion and/or induction of gene transcription [2].
In the light of the above-mentioned observations and
suggestions, the experiments presented here were designed
to determine whether the increased hsp70 mRNA accumu-
lation in cells exposed to a prolonged hypertonic treatment
was dependent on transcriptional or post-transcriptional
control.
2. Materials and methods
2.1. Materials
[a-32P]dCTP, [g-32P]ATP, [a-32P]UTP were obtained
from Amersham International, Amersham, Buckingham-
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shire, UK. Probe for human hsp70 gene (pH 2.3) was kindly
provided by Dr. Richard I. Morimoto (Evanston, IL, USA).
The human cDNA probe for ATA2 was kindly provided by
Dr. V. Ganapathy (Augusta, GA, USA). Probes for actin and
28S RNAwere obtained from Dr. L. Tacchini (Milan, Italy).
A double-stranded synthetic consensus HSE was obtained
from PRIMM (Milan, Italy). Construct phsplacZ containing
an Escherichia coli lacZ gene driven by 620 bp of promoter
sequences from the murine major inducible HSP70 protein
gene (hsp70.3) [11] was obtained from Dr. F. Mangia
(Rome, Italy) [12]. pEGFP-C1, a plasmid containing a
variant of wild-type green fluorescent protein (GFP), was
obtained from Clontech Laboratories (Palo Alto, CA). The
antibody used in the Western blotting assay (monoclonal
anti hsp72, clone C92F3A-5 Stressgen) specifically recog-
nizes the inducible hsp70 isoform. Media, fetal calf serum
(FCS), and antibiotics for culturing the cells were purchased
from GIBCO (Grand Island, NY, USA).
2.2. Cell cultures and stress conditions
Balb/c 3T3 cells were cultured as previously described
[5]. Cells were either exposed or not for 0.5 h at 44 jC (heat
shock). Hypertonic treatment corresponded to a prolonged
cell incubation in a hypertonic (0.5 osM) medium (minimal
essential medium, MEM) obtained by addition of NaCl in
excess. The correct final concentration of the modified
medium was checked with a vapour pressure osmometer
(Wescor). Continuous cell incubation in media with osmo-
larity higher than 0.5 osM was not carried out since, under
severe hypertonic conditions, 3T3 cells early detach from
the substratum and die within a few hours.
2.3. Western and Northern blotting
Immunoblotting analysis was performed as previously
described in detail [5] according to the method of Burnette
[13]. Protein content was determined by the dye fixation
method (Bio-Rad) with bovine serum albumin as standard
[14]. Northern blotting analysis was performed as previ-
ously described in detail [15]. Plasmid pH 2.3 containing a
fragment of the human hsp70 gene, human ATA2 cDNA,
actin cDNA and 28S rRNA probes were nick translated and
used.
Fig. 1. Effect of hypertonicity on HSF1 activation and hsp70 mRNA and
protein accumulation. (A) The HSF1 binding activity was analysed in cell
extracts of 3T3 cells heat shocked for 0.5 h at 44 jC (HS) or exposed to 0.5
osM hypertonic medium (Hy) for the indicated times. C represents
untreated control cells. The lane marked / did not contain cell extract. The
histogram represents the results of densitometric quantitation and is
expressed as arbitrary units. (B) Cells were heat shocked and then incubated
at 37 jC for 3 h or were continuously exposed to 0.5 osM medium for 3 and
6 h in the presence or absence of 50 Ag/ml cycloheximide (ChX). Total
cellular RNA was extracted and analyzed by Northern blotting using 32P-
labeled hsp70 cDNA probe or 28S rRNA. The hsp70 probe recognizes two
transcripts of 2.7 kb (inducible) and 2.4 kb (constitutive). The histogram
represents the results of densitometric quantitation as indicated. (C) Cells
were heat shocked and then incubated at 37 jC for 6 h or were continuously
exposed to 0.5 osM medium for 6 and 16 h. Cell proteins were analysed by
Western blotting using antibodies against the inducible hsp70 isoform and
actin. The histogram represents the results of densitometric quantitation as
indicated.
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2.4. Gel-mobility shift and nuclear run-on transcription
assays
For the gel-mobility shift assay, a whole cell extract (20
Ag of protein) was incubated with a 32P-labeled HSE
oligonucleotide as previously described in detail [1]. The
nuclear run-on transcription assay was performed as pre-
viously described in detail [1].
2.5. Transient expression of reporter gene activity
The day before transfection, confluent cells were sub-
cultured. 3T3 cells (3 106) were washed once with MEM
without antibiotics and FCS, resuspended in 0.3 ml of this
medium and mixed with 12 Ag of phspLacZ plasmid and 8
Ag of pEGFP-C1. Electroporation was performed with a
Bio-Rad gene pulser by using a setting of 960 AF and 216 V.
Cells were then incubated on ice for 10 min; complete
growth medium was then added and 0.5 106 cells were
plated into individual dishes. This procedure ensured that all
the cells used in a given experiment have been transfected
under identical conditions. The transfection efficiency was
monitored with cotransfection with the plasmid pEGFP-C1
by fluorescent microscopy analysis. At least over 500–600
cells were analyzed. The transfection efficiency (fluorescent
cells/total cells) ranged from 35% to 45% in the various
experiments. After transfection, cells were incubated at 37
jC for 48 h before exposing them to heat shock, or hyper-
tonic treatment. The enzymatic activity was assayed with
histochemical staining for in situ expression and quantitated
using a highly sensitive h-galactosidase assay kit (Strata-
gene, La Jolla, CA).
3. Results
3.1. Effect of hypertonicity on HSF1 activation and hsp70
mRNA and protein accumulation
The prolonged exposure of 3T3 cells to 0.5 osM hyper-
tonic medium induced a modest and transient increase in
HSF1 binding to HSE during the first 0.5 h of treatment (Fig.
1A). A few hours later, progressively increasing level of 2.7
kb hsp70 transcriptwas recorded (see Fig. 1B). Therewas also
some increase in the amount of the 2.4 kb hsp70 mRNA.
Indeed the human genomic probe used recognized two tran-
scripts in these cells, one of about 2.7 kb and another of about
2.4 kb. They correspond to the inducible and constitutive
HSP70 transcripts, respectively [5,16]. The inducible hsp70
protein isoform was detectable after 6 h of treatment and a
further accumulation was observed subsequently (see Fig.
1C). The level of constitutive hsp70 protein isoform was not
clearly affected by the hypertonic treatment (not shown), thus
confirming our previous results [5].
We then examined whether the delayed expression of
hsp70 mRNA following hypertonic treatment was protein
synthesis dependent. As shown in Fig. 1B, treatment of the
cells with ChX, at a concentration (50 Ag/ml) that inhibits
over 95% of new polypeptide synthesis, prevented the
accumulation of both 2.7 and 2.4 kb hsp70 mRNAs induced
by the prolonged hypertonic treatment. This finding con-
trasts with the normal pattern of hsp70 mRNA turnover
observed after a heat shock, which is independent of new
protein synthesis [17,18]. Indeed, as shown in Fig. 1B (lane
4), ChX presence did not prevent the accumulation of hsp70
mRNA occurring after 3 h of recovery in heat-shocked cells.
Fig. 2. Run-on and transfection experiments. (A) Nuclei were isolated from
3T3 cells shocked for 0.5 h at 44 jC (HS) or exposed to hypertonic medium
(0.5 osM) for 0.5 and 3 h (Hy). C represents untreated control cells.
Labelled transcripts synthesized in run-on transcription assays were
hybridized to nylon filters containing plasmids encoding the human
hsp70 (pH 2.3) or actin genes. A vector plasmid (pBR 322) was used as a
non-specific hybridization control. The histogram represents the result of
densitometric quantitation as indicated. (B) 3T3 cells were transfected by
electroporation with phsplacZ and pEGFP-C1 vectors. After transfection,
cells were incubated at 37 jC for 48 h before heat shock or hypertonic
treatment. h-Galactosidase activity (expressed as units per milligram of
total protein) was quantitated in non-transfected cells and in transfected
cells during hypertonic treatment (Hy), during the recovery from heat shock
(HS) or in non-treated control cells (Control). The run-on experiment,
repeated three times, and the transfection experiment, repeated twice,
yielded similar results.
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3.2. Run-on and transfection experiments do not support
induction of hsp70 gene transcription
We then measured the rates of transcription of hsp70 and
actin genes in nuclei isolated from cells exposed for 0.5 h to
heat shock or hypertonic treatment. Actin mRNA was
chosen as an indicator of constitutive gene transcription as
it is not affected by hypertonic shock [1]. Fig. 2A shows the
hybridization of labelled nascent RNA chains to dot-blotted
cloned DNA of these genes. A well-defined, basal tran-
scription of the hsp70 gene in control cells was observed. As
expected, the transcription rate of this gene markedly
increased in cells exposed to heat shock. In contrast, the
basal transcription rate of hsp70 gene did not appear to be
affected during hypertonic treatment.
To further support the conclusion that increase of tran-
scription activity is not involved in the accumulation of
hsp70 mRNA in cells exposed to hypertonicity, 3T3 cells
were cotransfected with phsplacZ and pEGFP-C1 vectors.
The hsp70 promoter activity of the transfected gene was
evaluated by assay of h-galactosidase activity in control
cells, and in cells exposed to hypertonic treatment or
following heat shock. As shown in Fig. 2B, data obtained
from transiently transfected cells revealed a marked and
time-dependent increase in heat-shocked samples. However,
in transfected cells exposed to hypertonic treatment, no
significant difference in h-galactosidase activity was
observed in comparison to controls.
3.3. Stabilization of hsp70 mRNAs in 3T3 cells exposed to
hypertonicity
We wanted to find out whether the increasing levels of
hsp70 during exposure to hypertonicity were due to a post-
Fig. 3. Effect of hypertonicity on stabilization of hsp70 and ATA2 mRNA. hsp70 (A) and ATA2 (B) mRNA stabilities were examined by Northern blotting in
control cells (C) and in cells exposed to hypertonic treatment at 0.5 osM (Hy) for 3 h. Some of the monolayer cells were then further incubated in hypertonic
medium while others were replaced in normal medium (0.3 osM). Following the first hypertonic phase, all samples were treated with ActD (10 Ag/ml) for a
further 2 and 5 h. At the indicated times, Northern blotting analysis was performed as described in the legend to Fig. 1B. The hsp70 probe recognizes two
transcripts of 2.7 kb (inducible) and 2.4 kb (constitutive). The histograms represent the results of densitometric quantitation as indicated. The ActD experiment
on hsp70 mRNA, repeated three times, yielded similar results.
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transcriptional mechanism. An ActD chase experiment was
conducted to analyze the putative post-transcriptional
effect of hypertonic treatment on hsp70 mRNA. In the
beginning, 3T3 cells were exposed to 0.5 osM hypertonic
medium for 3 h; some monolayers were then continuously
exposed to 0.5 osM medium, and others were withdrawn
from hypertonicity, ActD was added to all samples for up
to 5 h to stop the synthesis of novel RNA molecules. We
then assayed hsp70 mRNAs and the constitutive actin
mRNA as a control. As shown in the same Fig. 3A, the
2.7-kb hsp70 mRNA level induced by 3 h of hypertonic
treatment fell by more than 80% during the follow-up
period in cells shifted back to isotonic medium. Interest-
ingly, in cells always maintained in hypertonic medium
during both the inducing and the ActD phases, there was
only a slight alteration in hsp70 mRNA levels (approx-
imately 25% decrease) after 5 h of observation. The results
of this ActD chase experiment strongly suggest that the
prolonged hypertonic treatment stabilizes the 2.7-kb hsp70
mRNA in 3T3 cells. Also the 2.4-kb mRNA corresponding
to the constitutive HSP70 transcript was similarly stabi-
lized by the hypertonic treatment.
The possibility that this hsp70 mRNA stabilization might
be a more general phenomenon and modulate the expression
of other hypertonicity-inducible genes was explored by
analyzing the behaviour of ATA2 mRNA. The ATA2 gene
codes for the transporter protein of amino acid System A
[19]. Recently, it has been shown that the mRNA of this
gene is markedly induced by hypertonic treatment and its
accumulation is prevented by ActD and ChX [20]. As
shown in Fig. 3B, once the ATA2 mRNA had been
accumulated during the inducible phase, the following
addition of ActD did not delay mRNA degradation to any
significant extent.
4. Discussion
In this study, we examined the effect of prolonged
incubation in a hypertonic medium on hsp70 gene expres-
sion in 3T3 cells. The modest and transient binding of HSF1
to the HSE element observed was temporally uncoupled to
the accumulation of hsp70 gene transcripts, and thus
unlikely to be related to the subsequent accumulation of
hsp70 mRNA, which occurred a few hours later. The hsp70
mRNA accumulation was found to be protein synthesis
dependent, thus indicating that the translation of some labile
protein is required in advance. By showing that comparable
basal rates of hsp70 gene transcription occur in both control
and cells exposed to hypertonicity, the run-on and trans-
fection experiments did not suggest an induction of gene
transcription to explain the hsp70 mRNA accumulation in
treated cells. Thus, the results we obtained on maintenance
of previously induced hsp70 mRNA levels in a hypertonic
environment and in the presence of ActD, clearly support
the hypothesis that hsp70 mRNA accumulation observed on
cell exposure to hypertonic treatment is due to stabilization
of mRNA.
Previous studies conducted in HeLa and 293 cells have
shown that a severe heat shock, in addition to stimulation of
hsp70 gene transcription, has also a marked effect on the
stability of hsp70 mRNA whose half-life increases several
fold upon heat shock [18]. Other studies have described that
in human peripheral blood monocytes, phorbol esters
increase the expression of hsp70 and hsp90 proteins via
stabilization of the induced mRNAs rather than by transcrip-
tional activation of heat shock genes [21]. Moreover, in
SV40-immortalized human chondrocytic cells [22], high
hydrostatic pressure caused a heat shock response via
hsp70 mRNA stabilization without the activation of HSF1
and transcriptional induction of the hsp70 gene. Recently, the
same authors showed that hsp70 mRNA accumulation in
pressurized cells is not specific for chondrocytic cells, since it
also occurs in HeLa cells, keratinocytes and osteosarcoma
cells, and that this phenomenon requires protein synthesis
[23].
The hypothesis that, during a hypertonic treatment,
post-transcriptional gene regulation such as mRNA stabi-
lization might be a general response of other stress-
inducible genes was ruled out by the observation that
the hypertonicity-induced increase in ATA2 mRNA levels
was only slightly dependent on mRNA stabilization. On
the other hand, this finding further supports our sugges-
tion [20] that the induced expression of the ATA2 trans-
porter gene during a hypertonic treatment is mainly
regulated at the level of transcription.
Taken together, our findings reveal that in 3T3 cells
exposed to prolonged hypertonic treatment, HSF1 activation
and induction of hsp70 gene transcription are not required
for increased hsp70 expression; on the contrary, the accu-
mulation of hsp70 mRNA, which leads to increased syn-
thesis of the inducible hsp70 protein, is mainly due to a
post-transcriptional regulation of hsp70 gene expression
through mRNA stabilization and requires active protein
synthesis.
Our results then support the conclusion that post-tran-
scriptional modifications through mRNA stabilization are
likely to provide a regulatory mechanism of HSP70 gene
expression, either alone or in combination with the tran-
scriptional activation, depending on type, duration, and
severity of stress stimuli.
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